The mechanism of Col E 1 DNA replication was investigated in a plasmolysed cell system prepared from chloramphenicoltreated E. coli JC 411 (Col E 1 ) . After pulse-labelling witĥ H-dTTP a considerable fraction of the newly synthesized DNA was recovered as single-stranded fragments. Upon alkali denaturation the pulse label was found in DNA chains sedimenting slower than unit length Col E 1 strands with a prominent peak at 5 S. During a chase with unlabeled precursors the label is transferred nearly completely into supercoiled Col E 1 DNA. DNA ligase appears to be required for the joining of the 5 S pieces since in the absence of NAD an accumulation of short fragments is observed.
INTRODUCTION
Colicinogenic factor E 1 is a small extrachromosomal DNA that directs the synthesis of an antibiotic protein. It is isolated from E. coli as a supercoiled covalently closed circular duplex with a molecular weight of 4.2 x 10 (1).
Col E 1 DNA replicates extensively in the presence of chloramphenicol (2) an antibiotic which inhibits the initiation of chromosomal DNA replication. Replicating structures having the 6 or "Cairns" form as well as a shaped "rolling circles" have been observed by electron microscopy (3, 4, 5) .
We have shown previously that phage M-13 infected E. coli cells plasmolysed by treatment with 2 M sucrose are capable of carrying out the semi-conservative replication of M-13 DNA from deoxynucleoside triphosphates (6, 7) . Plasmolysed cell systems seem therefore suited to study the replication of small DNA circles under quasi JLn vitro conditions. Recently we have prepared such a system from E. coli JC 411 (Col E 1) after blocking chromosomal DMA synthesis by growing the cells for several hours in chloramphenicol prior to plasmolysis. In this' system, incorporation of deoxynucleoside triphosphates into plasmid DNA requires ATP (2 m M ) , MgCl 2 (7.5 m M ) , and KC1 (0.15 M ) . After a 30 min incubation at 30°C more than 80% of the incorporated label is found in supercoiled Col E 1 DNA. Density labelling experiments indicate that the supercoils are formed by a semi-conservative replication process (manuscript in preparation) . Using this system we performed pulse-chase experiments to investigate whether Col E 1 DNA replication occurs by a continuous mechanism according to the "rolling circle" model (8) or by a discontinuous mode of DNA synthesis (9) . The data presented in this paper seem to exclude a "rolling circle" like mechanism and provide evidence for a discontinuous replication of Col E 1 DNA.
MATERIALS AND METHODS
E. coli JC 411 (Col E 1) was grown in M-9 medium (10) at 37°C. P-labeled reference Col E 1 DNA was prepared as described by Blair et al. (11) . The sources of all of the reagents and assay of radioactivity have been described previously (7).
Preparation of plasmolysed cells. A 2 1 culture of E. coli JC 411 was grown with aeration to a density of 4 x 10 cells/ ml. Chloramphenicol (150 pg/ml) was added and aeration con- Extraction of labeled DNA. Col E 1 DNA was isolated by the NaCl-SDS precipitation method described by Godson 6 Vapnek (12) . The washed cell pellet was resuspended in 2 ml 20 rr.M HEPES pH 8.0 -10% (w/w) sucrose and the cells converted to spheroplasts by adding 0.2 ml lysozyme (10 mg/ml) and 0.8 r.l 0.25 M EDTA followed by a 30 min incubation at 0 C C. Lysis was carried out by addition of 0.2 ml of 20% SDS and the lysate was kept on ice overnight. The precipitate was removed by centrifugation in a Servall SS 34 rotor at 15 000 rpm for 30 min. 0.8 ml 5 M NaCl were added to the supernatant and after 5 hours on ice the second precipitate was removed by centrifugation at 15 000 rpm for 15 min. Col E 1 DMA was precipitated from the supernatant by adding 2 volumes of ethanol and standing overnight at -20°C. The alcohol precipitate was collected by centrifugation and resuspended in 1 ml 50 mM Tris-HCl pH 8.0 -5 mM EDTA -0 . 1 M NaCl and further analysed by dye-buoyant density centrifugation. Centrifugation techniques. Dye-buoyant density centrifugations were performed in a Spinco fixed-angle Ti 50 rotor at 40 000 rpm for 40 hours at 20°C. Tubes contained 4.0 g CsCl, 2.5 ml propidium diiodide (1 mg/ml), and 2.5 ml sample in Tris-EDTA-NaCl buffer. Velocity sedimentations in neutral and alkaline CsCl gradients were performed in a Spinco SW 56 rotor at 50 000 rpm for 120 min (neutral gradients) or 60 min (alkaline gradients) at 5°C. Linear CsCl gradients were prepared as described previously (13) . Fig. 2A . Since most of the label is eluted at a caffeine concentration higher than 1% we assume that this DNA is predominantely single-stranded.
After a 2.5 min chase a marked decrease in the amount of tightly bound label is observed concommitant with an increase in double-stranded material (Fig. 2B) . 
Discontinuous chain growth
Corresponding regions (designated a., ti, y) of the gradients shc.vn in Fio. 1A and IB were pooled and analysed by velocity sedirr.er.taticn in neutral and alkaline CsCl (Fig. 3 ) . Neutral gradient cer.tri f ugation of the pulse-labeled DNA gave a rather A considerable portion of the pulse-labeled DNA was recovered as short fragments even under non-denaturing conditions. These fragments are not simply an artefact caused by extraction with SDS since they are also observed after lysis with non-ionic detergents in the presence of high salt (unpublished data). Chromatography on BND-cellulose indicates that this material consists largely of single-stranded DNA.
Release of pulse-labeled DNA as single-stranded fragments has been observed in several systems (9, 19, 20) and has been interpreted as an instability (or absence) of the doublehelical structure in the newly replicated DNA.
NAD is required for the synthesis of covalently closed circles and omission of NAD from the incubation mixture leads to the formation of short pulse-labeled fragments. Accumulation of "Okazaki pieces" has previously been observed in phage systems deficient in DNA ligase (21, 22) . This finding lends further support to a discontinuous mechanism of Col E 1 DNA chain growth and provides evidence that the joining of the r.ewly synthesized chains is carried out by the NAD-dependent DK'A ligase. Experiments are in progress to clarify the structure of the replicative intermediates and to decide whether one or both strands are synthesized in a discontinuous fashion.
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